Development of a preventive human immunodeficiency virus (HIV)-1 vaccine is a high priority. Three concepts have been evaluated in field trials to date [1] [2] [3] [4] . A variety of vaccine approaches to elicit HIV-1-specific immune responses are currently being evaluated in phase I/IIA trials, including plasmid DNA, recombinant viral vectors, and proteins, in addition to a variety of other strategies to augment HIV-1-specific immune responses [5] [6] [7] [8] [9] [10] . Adenovirus (Ad) vectors are potent vaccine vectors, and a recombinant adenovirus serotype 5 (Ad5) vector is currently being studied in conjunction with DNA priming in a phase IIB study. Potential limitations of Ad5 vectors include the high level of preexisting antivector immunity in human populations, particularly in the developing world, as well as possibly certain qualitative features of the immune responses elicited [11] .
To overcome these potential limitations, alternative Ad vectors have been developed from other serotypes [11, 12] . Alternative serotype Ad vectors have substantial biologic differences from Ad5 in terms of baseline seroepidemiology, receptor usage, tropism, innate immune profile, adaptive immune phenotype, and protective efficacy in the simian immunodeficiency virus (SIV)/macaque model [13] [14] [15] [16] [17] [18] . Based on these properties, several alternative serotype Ad vectors, including Ad26 and Ad35, have been advanced into clinical trials as potential vaccine vectors for HIV-1, malaria, tuberculosis, and Ebola vaccines [19, 20] . In this study, we report the first-in-human evaluation of an Ad26 vectored vaccine.
METHODS

Participants and Study Design
This study was a single-center, randomized, double-blind, placebo-controlled, dose-escalation trial to evaluate safety and immunogenicity of a 3-dose regimen (0, 4, and 24 weeks) of Ad26.ENVA.01 (rAd26) HIV-1 vaccine at 10 9 , 10 10 , and 10 11 vp (viral particles) and a 2-dose regimen (0 and 24 weeks) at 10 10 and 5 × 10 10 vp in HIV-uninfected volunteers. The 2 dose groups allow a comparison of 2 vs 3 vaccinations (at 1 × 10 10 ) and provide data on an intermediate dose (5 × 10 10 ) for product development. Study subjects were healthy, Ad26 seronegative, and at low risk for acquiring HIV as per standard criteria. The protocol was approved by the institutional review board at Brigham and Women's Hospital, and written informed consent was obtained from each subject. The study was registered at ClinicalTrials.gov (NCT00618605).
The study schema is presented in Table 1 . Groups 1-3 received a 10-fold increase in vaccine dose from 10 9 to 10 11 vp. Each dose group had 12 subjects, 10 vaccinees, and 2 placebo recipients, for a total sample size of 60. The placebo recipients in each group were pooled into a 10-subject placebo group for comparison (thus 4 placebo recipients received 2 rather than 3 vaccinations). All vaccines were given by needle and syringe in the deltoid muscle. Systematic safety assessments were conducted (see Supplementary Data). Immunogenicity assessments were performed on samples collected at weeks 0, 2, 4, 6, 8, 24, 26, 28, and 52.
Vaccine
The Ad26.ENVA.01 vaccine product was produced in complementing HER96 cells by Crucell Holland BV (Leiden, Netherlands). A replication-deficient (delta-Early region 1/Early region 3[E1/E3]) adenoviral vector type 26 (Ad26) was constructed to contain an HIV-1 Clade A Env gene encoding a modified envelope gp140 protein (see Supplement Data). The placebo was final formulation buffer.
Immunogenicity Studies
All immunogenicity assays were performed in a blinded fashion under Good Clinical Laboratory Practice (GCLP) conditions. Luciferase-based adenovirus neutralization assays were performed to assess Ad26-specific neutralizing antibodies (NAbs) as previously described [17, 18] . Direct enzyme-linked immunosorbent assays (ELISAs) were performed with sera to assess EnvA-specific binding antibodies against the vaccine immunogen [13] . Interferon (IFN)-γ enzyme-linked immunospot assays (ELISPOTs) were performed to assess Env-specific cellular immune responses using a pool of overlapping EnvA peptides [13] . Criteria for positive Ad26 NAb responses were titer ≥18 and Env ELISA responses were titer ≥100. Criteria for ELISPOT positivity were ≥55 spot-forming cells (SFC) per million peripheral blood mononuclear cell (PBMC) and at least 3× greater than background. The EnvA protein and peptides were kindly provided by the National Institutes of Health Vaccine Research Center (Bethesda, MD).
Statistical Methods
All analyses are based on the intent-to-treat principle including all subjects in the group to which they were randomized. Summaries of response rates are presented with median and geometric mean titers (GMTs) for the Ad NAb and HIV-1 ELISA and means for the HIV-1 ELISPOTs, all with associated 95% confidence intervals (CIs). Analysis of variance (ANOVA) was used to test for differences in means, and the Kruskall-Wallis test was performed as a check on the assumptions in ANOVA.
RESULTS
Of the 60 subjects enrolled, 38 (63%) were female, 40 (67%) were <30 years (range 18-47 years), and 14 (23%) were non- Caucasian/non-Hispanic. Overall retention was 98%, and 148 of 156 (95%) of the planned vaccinations were given (124/130 active vaccine and 24/26 placebo). Of those screened for Ad26 seropositivity, 36 of 365 (9.9%) were positive, all at a relatively low titer. One subject who received the 5 × 10 10 vp dose and 1 placebo recipient were lost to follow-up shortly after the first vaccination and were therefore not included in the analyses.
Safety and Tolerability
The Ad26.ENVA.01 vaccine was safe and generally well tolerated at all 4 doses (see Supplementary Data for further safety information, including Supplementary Figures 1A and 1B) .
Minimal reactogenicity was observed in the 10 9 or 10 10 vp dose groups. Overall, no significant differences in local or systemic reactogenicity were observed between groups ( Supplementary  Figures 1A and 1B) . Some reactogenicity was observed after the initial immunization of the 10 11 vp dose. This reactogenicity after the first dose of Ad26 at 10 11 vp is similar to that reported with Ad5 at this dose [21] [22] [23] . No vaccine-related serious adverse events (SAEs) occurred, and no pattern of clinical or laboratory adverse events was identified.
Immunogenicity
Ad26 Neutralizing Antibody Responses All subjects were seronegative for Ad26 at baseline. Figure 1 shows the kinetics of the response by dose group. All placebo recipients had negative Ad26 NAb titers throughout the course of the study. Ninety-eight percent of vaccine recipients had detectable Ad26 NAb titers by day 14 after first vaccination (only 1 subject had a negative titer in the 10 9 vp dose group; this subject developed a NAb titer by day 42). The Ad26 NAb titers persisted in all but 1 subject (a 10 9 vp recipient) at week 52. A dose response was observed in the Ad26 NAb GMTs at week 4 after the initial immunization: 73 (group 1-10 9 ; 95% CI, 26, 204), 233 (group 2-10 10 ; 95% CI, 89, 606), 313 (group 3-10 11 ; 95% CI, 95, 1035), 268 (group 4-5 × 10 10 ; 95% CI, 118, 611), and 284 (group 5-10 10 ; 95% CI, 173, 468; P < .01 for all groups compared to the placebo group).
Week 24 Ad26 NAb titers ( prior to the second/third boost immunization) were similar to week 4 titers but were substantially increased by week 28 (4 weeks following the boost immunization) as follows: 551 (group 1-10 9 ; 95% CI, 279, 1087), 1678 (group 2-10 10 ; 95% CI, 442, 6367), 549 (group 3-10 11 ; 95% CI, 209, 1445), 2559 (group 4-5 × 10 10 ; 95% CI, 987, 6638), and 2616 (group 5-10 10 ; 95% CI, 1019, 6718). In subjects who received a dose of 10 10 or greater, no clear dose or schedule effects were observed. No interference was identified between the induction of antivector immune responses and the subsequent elicitation of HIV-specific immune responses. These data show that Ad26.ENVA.01 consistently elicited vector-specific NAbs that increased with subsequent boost immunizations.
HIV-1 Env-Specific Antibody Responses All subjects had negative EnvA-specific ELISA binding antibody titers at baseline, and all subjects in the placebo group remained negative throughout the course of the study. Figure 2 shows the kinetics of the response by dose group. Following 1 vaccination at week 4, 47/49 (96%) of vaccine recipients developed an EnvA-specific ELISA titer. The 2 subjects who did not develop a response were in the 10 9 and 10 10 groups and developed a response at week 6, 2 weeks following the second injection. All vaccinees had persistent antibody responses at week 52.
A dose response was observed with the ELISA GMTs at week 4: 275 (group 1-10 9 ; 95% CI, 103, 735), 739 (group 2-10 10 ; 95% CI, 227, 2411), 1552 (group 3-10 11 ; 95% CI, 646, 3727), 1630 (group 4-5 × 10 10 ; 95% CI, 748, 3553), and 624 (group 5-10 10 ; 95% CI, 348, 1119). All active vaccination groups had responses significantly greater than placebo (P < .0001). Significant differences were seen between group 3 and group 1 (P = .002) and between group 4 and group 1 (P = .002).
Despite the induction of vector-specific NAbs, Env-specific ELISA responses were augmented at week 8 (4 weeks after the second immunization), again in a dose-dependent fashion: (group 1-10 9 : 979-95% CI, 378, 2535; group 2-10 10 : 3420-95% CI, 1673, 6991; and group 3-10 11 : 3898-95% CI, 1236, 12 290). ELISA responses were further increased at week 28 (4 weeks after the third vaccination): (group 1-10 9 : 6113-95% CI, 2763, 13 526; group 2-10 10 : 12 470-95% CI, 5987, 25 971; and group 3-10 11 : 8545-95% CI, 2041, 35 764) and persisted at week 52.
The impact of vaccination schedule was also assessed by comparing group 2 (3 doses) and group 5 (2 doses). Similar ELISA titers were observed at week 4 after the first vaccination. As expected, higher titers were observed at week 8 after 2 doses (group 2: 3419) vs 1 dose (group 5: 390; P < .0001). This difference persisted at week 24 (506 vs 88), week 28 (12 470 vs 3470), and week 52 (2718 vs 1104). These data show that Ad26.ENVA.01 consistently induced EnvA-specific binding antibody responses and that these responses could be augmented by boosting with a homologous vector. No significant HIV-specific neutralizing antibody responses were detected by TZM-bl assays.
HIV-1 Env-Specific Cellular Immune Responses
No Env-specific cellular immune responses above background were detected by IFN-γ ELISPOT assays at baseline, and none of the placebo subjects developed Env-specific ELISPOT responses at any time point in the study. Figure 3 shows the kinetics of the response by dose group. At week 4, 38/49 (78%) of vaccinees had detectable ELISPOT responses. Of the 11 without a detectable response at week 4, 9 had a response at week 2 and the other 2 (1 each in groups 2 and 5) developed a response subsequently. By week 52, responses were still observed in 80% of vaccinees. Of note, 7 of 8 (88%) volunteers in group 4 and 6 of 10 (60%) in group 5 had responses at week 52.
Mean ELISPOT responses at weeks 4 and 28 were as follows: 212 and 397 SFC per million PBMC (group 1-10 9 ; 95% CI, 121, 302 and 137, 658), 88 and 178 (group 2-10 10 ; 95% CI, 37, 138 and 27, 328), 232 and 736 (group 3-10 11 ; 95% CI, 71, 394 and 176, 1297), 458 and 1312 (group 4-5 × 10 10 ; 95% CI, 0, 975 and 314 and 2309), and 98 and 196 (group 5-10 10 ; 95% CI, 47, 148 and 52 and 340; all significantly greater than the placebo group). These responses were similar in all groups at weeks 8 and 52 as well. No clear dose or schedule effects were observed. These data show that Ad26.ENVA.01 consistently induced EnvA-specific cellular immune responses.
DISCUSSION
The novel Ad26.ENVA.01 HIV-1 vaccine candidate was generally safe and well tolerated and induced HIV-specific humoral and cellular immune responses. These responses were induced after a single immunization in nearly all subjects, including those who received the lowest dose (10 9 vp). All subjects who received the vaccine developed both Ad26 vector-specific and EnvA insert-specific immune responses that persisted for at least 1 year. These findings are consistent with the data in the nonhuman primate model where Ad26 vectors have been shown to raise consistent humoral and cellular responses and provide some protection against SIV [13, 16, 24, 25] . Because Ad26 has many biologic properties that are different from those of Ad5 and as seen in the accompanying paper by Barouch et al, [28] its potential as a vaccine platform warrants further study.
Reactogenicity was observed only at the highest dose (10 11 vp) administered, was self-limited in nature, and was observed only with the initial vaccination. This is similar to reactogenicity reported for Ad5 vectors at this same dose [21] [22] [23] and possibly less than the reactogenicty observed for Ad5 at doses less than 10 11 vp. No vaccine-associated SAEs were identified, and the overall safety findings were similar in placebo and vaccine recipients.
Env-specific T-cell responses were elicited at all 3 doses, including the lowest dose (10 9 vp). Because lower doses were not studied, the threshold for the induction of T-cell responses in humans with this vector is unknown. T-cell responses were apparently not boosted by dose (more than a 100-fold range) or increased number (2 vs 3) of immunizations. Further characterization of the immune responses elicited by these vaccine regimens are presented in the accompanying paper by Barouch et al [28] .
Env-specific binding antibody responses detected by ELISA were elicited in nearly all subjects after the first immunization, including those who received the lowest dose. Responses were boosted substantially in all groups. A dose-response effect was observed with significantly higher titers in the 10 11 vp dose group compared with the 10 9 vp group. In the 10 10 vp dose group, a direct comparison of the effect of the number of immunizations can be made. Here the 3-dose regimen elicited higher ELISA titers compared with the 2-dose regimen by week 6 (2 weeks after the second vaccination), and this difference was maintained for up to 1 year. Further research is warranted to determine if more vaccinations will further augment immune responses over time.
Ad26-specific NAb responses were also elicited at all vaccine doses, were evident after the first dose and were boosted substantially in all groups. Despite the induction of robust vector-specific NAb responses, EnvA insert-specific antibody responses were increased following boosts with the homologous vectors.
A phase 2b study of the Merck Ad5-gag/pol/nef vaccine showed no protective efficacy and possible enhanced HIV-1 acquisition in certain subgroups [1] . Our vaccine candidate is different from this prior vaccine in important ways. First, we utilize Ad26 instead of Ad5 as a vaccine vector, which has major biological differences, including different receptor usage, innate immune profiles, and adaptive immune phenotypes [13] [14] [15] [16] [17] [18] . Second, our vector expresses HIV-1 Env, which is potentially relevant since Env-specific antibodies appear to be important in blocking acquisition of infection in both human and nonhuman primate studies [13, 26] .
These data demonstrate the safety and immunogenicity of a novel Ad26 vaccine vector in humans for the first time. As no safety concerns were identified, future studies of the 5 × 10 10 vp dose, given the lower reactogenicity and comparable immunogenicity, are warranted. Importantly, Env-specific humoral and cellular immune responses were consistently elicited over a 100-fold dose range with only minimal reactogenicity at the highest dose studied. Further evaluation is needed to determine if pre-existing Ad26 immunity will alter the safety or immunogenicity profile observed. Ad26 vectors therefore warrant additional clinical investigation as vaccine vectors for both HIV and other pathogens [27] .
